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Summary
Marine sponges contain structurally intriguing and bi-
ologically active peptides of nonribosomal peptide
synthase origin, often containing amino acids with
novel structures. Here we report the discovery of as-
teropine A (APA), a cystine knot to be isolated from
marine sponges. The solution structure of APA as de-
termined byNMRbelongs to the four-loop class of cys-
tine knots similar to those of some conotoxins and
spider toxins. However, the highly negatively charged
surface of APA is uncommon among other cystine
knots. APA competitively inhibits bacterial sialidases,
but not a viral sialidase. APA was inactive against all
other enzymes tested and did not have any apparent
antitumor activity. Our data suggest that APA and
other knotting peptides may be important leads for
antibacterial and even antiviral drug development.
Introduction
Sialic acids are placed at the terminal position of com-
plex carbohydrate chains on the cell surface of higher
animals. They are believed to play structural roles in
connection with their unique acidic character and bulk-
iness by physically protecting the surface of cells from
extracellular damaging agents. Sialic acids also function
structurally to mask the penultimate galactose residue,
which is often targeted in physiological or pathological
recognition events. Sialidases, which are present in
higher animals, are enzymes that hydrolyze the terminal
sialic acid residue of complex carbohydrate chains. The
enzymes are widely conserved in microorganisms, such
as viruses, bacteria, fungi, and protozoa, which are as-
sociated with higher animals. Because of the limited oc-
currence of sialidases and sequence homology of these
enzymes across different phyla, microbial sialidases are
*Correspondence: anobu@mail.ecc.u-tokyo.ac.jpconsidered to be acquired through horizontal gene
transfer between the host and microbe [1]. Although
not much is known about the function of bacterial siali-
dases, their pathological roles are implicated in Vibrio
cholerae, Salmonella typhimurium, and Clostridium
spp [2].
The development of viral sialidase inhibitors provides
an example of an attractive strategy for designing li-
gands on the basis of the target protein structure [3].
However, though potent inhibitors of the influenza en-
zyme have been developed, they are not potent against
bacterial enzymes. Structural differences between the
bacterial sialidases and their viral homologs have pre-
vented the design of effective bacterial inhibitors
based on homology modeling. To date, several inhibi-
tors that are selective for bacterial sialidases are known.
Siastatins A and B from Streptomyces verticillus var.
quintum are competitive inhibitors of the C. perfringens
sialidase, but are inactive against the V. cholerae
sialidase [4]. Taurolipids A and B from Tetrahymena
spp. are noncompetitive inhibitors of the C. perfringens
sialidase with no inhibitory activity against the corre-
spondingArthrobacter ursafacience and Streptococcus
enzymes [5].
In the course of screening bioactive metabolites from
marine invertebrates for inhibitory activity against siali-
dase, we previously have reported two new classes of
metabolites [6, 7]. An additional activity was observed
in the extract of the sponge Asteropus simplex, col-
lected off Shikine-jima Island, 200 km south of Tokyo.
Bioassay-guided fractionation of the extract afforded
asteropine A (APA), as the principal active constituent.
This paper describes the isolation, structure elucida-
tion, solution structure, and enzyme inhibitory activity
of APA.
Results and Discussion
Sequence Analysis of Asteropine A
Asteropine A (APA) was isolated from an extract of the
marine spongeAsteropus simplex as the major sialidase
inhibitory constituent. The matrix-assisted laser de-
sorption ionization time-of-flight mass spectrometry
(MALDI-TOFMS) of APA exhibited an ion peak at m/z
3817.5 corresponding to the (M+H)+ ion. The NMR spec-
tra in CD3OH exhibited numerous amide and aliphatic
signals, which indicated peptidic nature of the active
compound. APA was reduced with tri-n-butylphosphine
(TBP) and alkylated with 4-vinylpyridine (4-VP) because
the presence of Cys was revealed by the amino acid
analysis. The alkylated product (6PE-APA) gave an ion
peak at m/z 4456.7 Da, consistent with the introduction
of six pyridylethyl groups after reduction of three disul-
fide bonds. Edman degradation analysis of 6PE-APA
gave the sequence of 30 residues from the N terminus:
YCGLF GDLCT LDGTL ACCIA LELEC IPLND. To deter-
mine the sequence of the remaining portion, 6PE-APA
was digested with V8 protease and the products were
separated by RP-HPLC to afford a C-terminal 1516 Da
dodecapeptide fragment. The combination of post
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Edman degradation analysis revealed that the sequence
of this fragment was CIPLNDFVGICL. The complete
amino acid sequence was confirmed by an independent
NMR analysis of 6PE-APA. The 1H NMR spectrum of
6PE-APA in DMSO-d6 shows a typical pattern of a pep-
tide in a random coil conformation as characterized by
small coupling constants between NH and Ha and less
dispersed and shielded Ha signals [8, 9]. Nuclear over-
hauser effects (NOEs) in 6PE-APA were observed mainly
between neighboring residues throughout the sequence
without severe overlaps, allowing an unambiguous se-
quential assignment to be established. The NMR spec-
tra also indicated the absence of any posttranslational
modifications in APA. The stereochemistry of all compo-
nent amino acids was determined to be L on the basis of
gas chromatography (GC) analysis of the acid hydroly-
zate using a chiral stationary phase. This sequence
has no homology to any protein, peptide, or translated
nucleotide sequence in the BLAST database.
Secondary Structure
Although virtually insoluble in water, APA was highly sol-
uble in CD3OH and gave sharp
1H NMR signals. In the
1H NMR spectrum of APA measured in CD3OH, both
the NH and Ha signals were dispersed, indicating that
the peptide was well structured. Sequence specific
chemical shift assignments were made for all 1H NMR
signals according to standard methods [10, 11]. NOESY
data, 3JNH-Ha values, and chemical shift indices (CSI) [12,
13] of Hawere used to define secondary structures (Fig-
ure 1A). These data indicate the presence of b strands
comprising residues (8–10, 15–17, 23–26, and 31–34),
turns, and a small stretch of helix between the second
and third strands. The first, third, and fourth strands
form a triple stranded antiparallel b sheet as identified
by the relevant long-range connectivities (Figure 1B).
Because all available proteases were unable to digest
the intact peptide, connectivities of the three disulfide
bonds were analyzed by the combination of NOESY
data and chemical method. Statistical analyses of pro-
ton-proton distance in crystal structures were reported
[14], showing only NOE correlations between Hb-Hb
and Ha-Hb indicated a positive prediction for the char-
acterization of disulfide bonding pattern. (dbb < 4.0 A˚,
95.7% of cysteines form a pair, dbb < 5.0 A˚, 88.8%). In
the case of APA, there were three Hb-Hb0NOE interac-
tions observed between Cys17/Cys35 (2 NOEs) and
between Cys9/Cys25, which strongly suggested that
cysteine pairs were C17/C35 and C9/C25. A range of
other NOEs between cysteines (C17 NH/C9 H b1, C17
NH/C25 H b1, C18 NH/C2 H b1, C35 aH/C25 H a) was
also observed. These NOEs were neither definitive for
nor inconsistent with the proposed connectivity accord-
ing to the literature. By default the third disulfide was
between Cys2 and Cys18. This assignment was sup-
ported by the Gray’s method [15] of a partial reduction
followed by alkylation and then a secondary reduction
followed by a different mode of alkylation.
Three-Dimensional Structure
The solution structure of APA was established by 2D
NMR analysis and simulated annealing calculations
within the program CNS [16]. The 20 structures withthe lowest energies and no residual restraint violations
were chosen to represent the solution structure of APA
(Figure 2B). The rmsd value of the backbone atoms
and heavy atoms for residues 2–35 were 0.27 and 0.78
A˚, respectively. The summary of geometric statistics
shown in the Experimental Procedures indicates that
the structures are consistent with the experimental re-
straints. The molecule has four loops each bound by
half-cystine residues and the central part of each loop
forms a b turn. The hydrophobic core is composed of
a cystine knot motif, in which Cys17-Cys35 disulfide
bond passes through a ring formed by Cys2-Cys18
and Cys9-Cys25. As is often the case with peptides con-
taining this motif, there is a triple-stranded antiparallel
b sheet (topology: +2x,21, Figure 2C). These secondary
structural features are also the similar as those observed
in the solution structure of many of spider toxins or
conotoxins (Figure 2D).
Cystine knots are widely distributed in organisms
ranging from fungi, plants, and invertebrates, to verte-
brates [17]. From a functional point of view, these pep-
tides are often associated with chemical defense of
the producing organisms by exhibiting antimicrobial,
Figure 1. Identification of the Secondary Structure Elements of
APA
(A) The sequential and medium range NOE correlations (i-j < 5) were
represented by solid lines connecting the two residues. NOE inten-
sities are grouped into 3 classes and represented by the heights of
bars. Filled circles indicate the position of amide protons hardly ex-
changed after 72 hr and filled triangles indicate the positions of
amide protons partially exchanged after 72 hr. Open circles indi-
cate the position where 3JNH-Ha values are larger than 8 Hz. The
chemical shift index [12, 13] is also indicated with (+) and (2) signs.
The arrows at the top of the figure indicate the position of b strands
as indicated by NMR analysis. For the residues in the strands, most
3JNH-Ha values were larger than 8 Hz and NH-NHi+1 connectivities
were weak.
(B) Triple-stranded antiparallel b sheet region in APA. NOE correla-
tions (solid arrows) and hydrogen bonds (dashed line) are indi-
cated.
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of APA
(A) Sequence alignment of APA with d-cono-
toxin GmVIA [24], d-conotoxin TxVIA [25], u-
conotoxin GVIA [26], u-conotoxin MVIIA [27],
u-conotoxin SVIA [28], Huwentoxin-I [29],
and Huwentoxin IV [30]. Blue and red char-
acters indicate basic and acidic amino acids,
respectively. The cysteine residues are high-
lighted by yellow rectangles, and the disul-
fide bonds are connected by solid lines.
O indicates hydroxyproline.
(B) The backbone atoms of all residues for
the family of 20 structures of APA best fitted
to N, Ca, and C0 atoms. A total of 300 dis-
tance constraints (97 intraresidual, 110 se-
quential, 37 medium-range, and 56 long-
range) and 19 backbone dihedral angle
constraints derived from NH-Ha coupling
constants were used for the calculation. At
a late stage of calculations, hydrogen bonds
in the b sheet as confirmed from preliminary
calculations were added. The rmsd value of
the backbone atoms and all heavy atoms for residues 2–35 were 0.27 and 0.78 A˚, respectively. The three disulfide bonds and a triple-stranded
antiparallel b sheet are colored yellow and blue, respectively. Every fifth residue is labeled with residue number.
(C) Ribbon representation of the model of the solution structure of APA with the lowest energy, showing the regular secondary structures and
global fold of the peptide. The side chains of six half cystine residues are shown and colored yellow. Acidic amino acids were colored red. This
figure was drawn with the program MOLMOL [31].
(D) Huwentoxin IV [30] (Protein Data Bank code: 1MB6) was drawn by the same manner as that of APA.enzyme inhibitory, or ion-channel binding activity. Con-
otoxins, especially, were discovered as active compo-
nents of Conus venom, each of which has specific activ-
ity for certain cation channels [18]. In spite of their
relatively small size, this class of peptides is highly
structured due to the presence of the disulfide bond net-
work. The structural folds in these peptides are largely
governed by the distribution of cysteine residues in the
chain and the connectivities of the disulfide bonds.
Therefore, the conceptual framework of cystine knot
has been suggested to be a technological platform for
drug discoveries.
Interestingly, APA is a highly acidic peptide with six
acidic groups including the C terminus and one basic
group N terminus, whereas other cystine knots, particu-
larly toxic peptides, are generally highly basic reflecting
their function of blocking cationic channels (Figure 2A).
Charged and hydrophobic residues are more or less
evenly distributed on the surface of the molecule. It is
likely that one or more acidic functional groups in APA
are necessary to inhibit sialidases, as is the case of
other sialidase inhibitors. Although numerous cystine-
rich peptides with potent biological activities have
been isolated, this is the first example of a peptide pre-
dominantly acidic in nature.
Marine sponges are widely recognized to be an impor-
tant source of biologically active small molecules. In the
characterization of peptides and proteins from marine
sponges, it has been observed that many peptides are
of nonribosomal origin. Despite the fact that some of
these proteins have been identified as biologically active
with activities ranging from cytotoxicity, calcium chan-
nel blocking activity, and inhibition of HIV infection
[19], it is not known whether these peptides are coded
in the genome. In the case of conotoxins isolated from
the venom of marine snails, it has been determinedthat they are initially biosynthesized as 70–120 amino
acid peptides, followed by both posttranslational modi-
fication and proteolytic cleavage to produce a variety of
small peptides. The structural similarities between APA
and conotoxins imply that APA may have the same bio-
synthetic pathway. In addition, we assume that APA has
a biological function in the organism, because it is con-
tained in a large amount (2.13 1023 % based on wet tis-
sue) in the sponge and of ribosomal origin.
Inhibitory Activities against Sialidases
and Other Enzymes
APA is a potent competitive inhibitor of bacterial siali-
dases. The competitive mode of inhibition and the Ki
value of 36.7 nM for C. perfringens were indicated by
a Lineweaver-Burk and a Dixon plot (Figure 3). APA
competitively inhibits sialidases from V. cholerae and
S. typhimurium with Ki values of 340 nM and 350 nM, re-
spectively. However, APA was inactive not only against
sialidase from influenza A virus (H3N2) at 30 mM, but also
other glycosidases, e.g., a-glucosidase, b-glucosidase,
and b-galactosidase and proteases, e.g., trypsin, chy-
motrypsin, papain, thrombin, and leucineaminopepti-
dase at a concentration of 30 mM. Similarly, APA was
not cytotoxic against P388 and HeLa cells at 5 mM (Table
1). Thus, the action of APA is highly selective toward
bacterial sialidases.
Significance
Bioassay-guided fractionation of the extract of thema-
rine sponge Asteropus simplex afforded a novel 36
residue peptide, aseteropine A, as a bacterial sialidase
inhibitor. The solution structure study of asteropine A
implied that it is the first cystine knot isolated fromma-
rine invertebrates other than the cone snail. The
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ability to be a potent sialidase inhibitor. Recently,
threats of viral diseases such as, avian flu [20], HIV
and Ebola, have become increasingly serious public
health concerns. The need to develop effective mea-
sures against these viral diseases carries some ur-
gency. We believe that an effective strategy in antiviral
drug development is further exploration of chemis-
tries associated with the cystine knot framework
highly inhibiting viral infections. Further investigation
of APA is an important first step in this process.
Table 1. Biological Activities of APA
Ki value
Sialidase
C. perfringens 36.7 nM (competitive)
V. cholerae 340 nM (competitive)
S. typhimurium 350 nM (competitive)
Influenza A/Memphis/71(H3N2) inactive
APA showed no inhibiton for any other glycosidases (a-glucosidase,
a-glucosidase, b-galactosidase) and proteases (trypsin, chymotor-
ypsin, papain, thrombin, leucin amino peptidase) at the concentra-
tion of 30 mM. APA also showed no cytotoxicity for HeLa and P388
cell lines at the concentration of 5 mM.
Figure 3. Lineweaver-Burk and Dixon Plot Analysis of APA against
C. perfringens Sialidase
The inhibitory activity of APA was determined by observing the re-
lease of 4-methyl umbelliferone as described in the Experimental
Procedures.
(A) Lineweaver-Burk plot, four different concentrations (C, 13 nM; D,
26 nM; G, 52 nM; I 65nM) of APA yielded straight lines crossing each
other on the y axis, indicating the competitive mode of inhibition.
(B) Dixon plot, three different concentrations (C, 0.04 mM; G, 0.02
mM; D, 0.013mM) of substrate were carried out. The point crossing
by each line is 36.7 nM.Experimental Procedures
General Procedure
Optical rotation was measured on a JASCO DIP-1000 digital polar-
imeter. MALDI-TOFMS were measured using PerSeptive Biosys-
tems Voyager-DE STR operated in the positive ion reflector and lin-
ear modes and the data were analyzed using PerSeptive Biosystems
Data Explorer ver.3.2. Either a-cyano-4-hydroxy cinnamic acid or
sinapinic acid was used as a matrix. IR spectrum was recorded on
a JASCO FT/IR-5300 spectrometer. Fluorescence for inhibition as-
say was measured with a Molecular Device Spectra MAX GEMINI
apparatus.
Animal Materials
The sponge was collected by hand using SCUBA at depths of 10–15
m off Shikine-jima Island of the Izu Archipelago (34º200N, 139º130E)
and kept frozen at –20ºC until extraction. The sponge was identified
as Asteropus simplex (order Astrophorida, class Geodiidae). A
voucher specimen was deposited at the Zoological Museum of
University of Amsterdam (ZMA 16718).
Isolation of APA
The sponge Asteropus simplex (1.1 kg) was homogenized in MeOH
and sequentially extracted with MeOH (2 liter x 2), EtOH (2 liter x 1),
and acetone (2 liter x 1). The combined extracts were concentrated
and partitioned between H2O and Et2O. The H2O layer was further
partitioned between H2O and n-BuOH and the n-BuOH fraction
was separated by ODS flash chromatography with mixtures of
H2O and MeOH, followed by gel filtration on a Sephadex LH-20 col-
umn (5 3 100 cm) with CH2Cl2/MeOH (1:1). The active fraction was
purified by reversed-phase HPLC (Cosmosil 5C18-ARII, f20 3 250
mm) with a linear gradient elution from MeCN-H2O-TFA (30:70:0.1
to 60:40:0.1). The final purification of an active fraction was per-
formed by reversed-phase HPLC (Develosil C30-UG5, f20 3 250
mm) with MeCN-H2O-TFA (48:52:0.1) to afford APA (23.5 mg,
2.1 3 1023 % yield based on wet weight). The peptide sequence
data was registered in the UniProt Knowledgebase under the
accession number P84702.
APA: white powder; [a]20D = +13º (c 0.10, MeOH); IR (film) 3287,
2923, 1660, 1537, 1455, 1395, 1259, 700 cm21, MALDI-TOFMS
3817.5 (M+H)+.
NMR Spectroscopy
NMR samples were prepared by dissolving 2mM APA in 180 ml of
CD3OH and measured either on a Bruker Avance 800 MHz or on
a JEOL Alpha 600 NMR spectrometer. Water suppression in the
NOESY and HOHAHA spectra was achieved using a modification
of a WATERGATE sequence [21]. 1H and 13C NMR chemical shifts
were referenced to the solvent peaks: dH 3.30 and dC 49.0 for
CD3OH, and dH 2.40 and dC 40.0 for DMSO-d6. The intact peptide
was analyzed by DQF-COSY, HOHAHA, HMQC, HMBC, and NOESY
spectra.
Complete Reduction Followed by Alkylation
with 4-Vinylpyridine
A 5 mg portion of APA was dissolved in 1 ml of 0.5 M Tris-acetate
buffer (pH 8.5) containing 7 M guanidine hydrochloride and 10 mM
EDTA. To the solution were added 4-vinylpyridine (10 ml) and tri-n-
butylphosphine (20 ml), and the mixture was kept under an atmo-
sphere of N2 in the dark at rt for 24 hr. The reaction mixture was pu-
rified by reversed-phase HPLC (Cosmosil 5C18-ARII, f203 250 mm)
with a linear gradient elution from MeCN-H2O-TFA (30:70:0.1 to
50:50:0.1) to afford 2.5 mg of the hexapyridylethyl derivative.
MALDI-TOFMS data [m/z 4456.7 (M+H)+] was in agreement with
introductions of six 4-pyridylethyl groups.
Gas Chromatography
A 0.2 mg portion of APA was dissolved in 200 ml of 6 N HCl and hy-
drolyzed at 110ºC for 12 hr. The solution was dried in a stream of N2,
and redissolved in 200 ml of 10% HCl-MeOH, and kept at 110ºC for 2
hr. A half portion of the product was dissolved in CH2Cl2/trifluoro-
acetic anhydride (1:1, 100 ml) and kept at 100ºC for 10 min. The
reaction mixture was dried in a stream of N2, dissolved in CH2Cl2,
and subjected to GC analysis. The remaining half portion of the
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treated with TBP (20 ml) for 1 hr at 60ºC followed by partitioning be-
tween H2O and n-BuOH, so that cystine was reduced to cysteine.
The organic phase was trifluoroacetylated as described above and
dissolved in CH2Cl2. An aliquot of each solution was subjected to
GC analysis on a Chirasil-L-Val capillary column (0.25 mm 3 25 m):
detection, FID; initial temperature 60ºC for 6 min., final temperature
200ºC for 1 min., temperature raised at 4ºC min.21; carrier gas, He.
Retention times for standard amino acids (min): D-Ala (9.6), L-Ala
(11.3), D-Val (13.0), L-Val (14.0), D-Thr (14.6), D-allo-Thr (15.7),
L-Thr (16.0), L-allo-Thr (17.0), D-Pro (17.0), L-Pro (17.3), D-Ile
(16.5), D- allo-Ile (19.6), L-Ile (17.5), L-allo-Ile (21.0), D-Leu (19.0),
L-Leu (20.7), D-Asp (22.4), L-Asp (22.9), D-Cys (25.5), L-Cys (26.2),
D-Phe (28.2), L-Phe (29.1), D-Glu (29.6), L-Glu (30.5), D-Tyr (36.3),
L-Tyr (37.0). Retention times for the acid hydrolyzate of APA (min):
11.1, 13.7, 15.8, 17.2, 17.4, 20.7, 22.8, 26.2, 29.0, 30.5, and 36.9.
Stereochemistry of all amino acids in the acid hydrolyzate was
assigned as L.
Partial Reduction and Alkylation of APA
A 300 mg portion (80 nmol) of APA was treated with 2.5 ml of TBP in
MeCN-H2O-TFA (60:40:0.1, 250 ml) for 15 min at 60ºC. The product
gave only one peak other than the unreacted APA in reversed-phase
HPLC using a linear gradient of MeCN-H2O-TFA (40:60:0.1 to
60:40:0.1). The peak of the reduction product was collected and
immediately treated with a solution of 2.2M iodoacetamide (200 ml,
0.5 M tris-acetate containing EDTA disodium salt [pH 8.0]) at 65ºC
for 1 min. The reaction mixture was purified by reversed-phase
HPLC as mentioned above. The molecular weight of the purified
product [m/z 3958.6 (M+Na)+] indicated introductions of two carbox-
yamidomethyl groups. The partially alkylated peptide was further
treated with a mixture of TBP and 4-VP and the reaction mixture
was purified by reversed-phase HPLC to afford a derivative, which
had two carboxamidomethyl and four pyridylethyl groups as con-
firmed by the MALDI-TOFMS analysis [m/z 4360.6 (M+H)+]. This pep-
tide was subjected to protein sequence analysis to reveal the pres-
ence of carboxymethylated cysteine at residues 2 and 18.
Structure Calculations
Three hundred distance constraints were obtained from the 120 ms
and 300 ms mixing time NOESY spectra recorded in CD3OH. The
cross peaks were categorized into four classes according to their
intensities corresponding to upper bound interproton distance re-
straints of 2.5, 3.0, 4.0, and 5.0 A˚. Pseudo-atoms were applied for
methyl, methylene, and aromatic protons according to a standard
method [22]. Nineteen dihedral angle constraints were generated
from the 3JNH-Ha values which were determined by the DQF-COSY
spectrum: the f angles were constrained in the range of 2120º 6
30º when the 3JNH-Ha values were larger than 8.0 Hz. A final set of
200 structures was calculated using the standard torsion angle sim-
ulated annealing protocol incorporated within the program CNS [16].
The 20 lowest energy structures were used to represent the solution
structure of APA. Deviations value from idealized geometry of bond
lengths, bond angles, and impropers were 0.0018 6 0.0002 (A˚),
0.42 6 0.01 (º), and 0.20 6 0.02 (º), respectively. Average pairwise
RMSD value of heavy atoms and backbone atoms were 0.78 and
0.27 (A˚), respectively.
Enzyme Inhibition Assay
A 90 ml portion of 4.45 mM solution of 20-(4-methylumbelliferyl)-a-D-
N-acetylneuraminic acid in 0.1 M NaOAc buffer (pH 4.2) was added
to a 90 ml portion of 2.25 3 1023 unit of sialidase (from Clostridium
perfringens, Sigma N-2876) in 0.1 M NaOAc buffer (pH 4.2) and
a test solution in DMSO (20 ml). The mixture was incubated at 37ºC
for 30 min [23], and the amount of 4-methylumbelliferone (4%MU) re-
leased was measured by fluorescence at 450 nm following an exci-
tation at 360 nm. The kinetic analysis of the inhibition of sialidase
from Clostridium perfringens was carried out using the enzyme
and buffer described above. The release of 4-MU was measured at
5 min intervals for 60 min using three substrate concentrations
(0.013, 0.2, and 0.04 mM) and five inhibitor concentrations (13, 26,
39, 52, and 65 nM). The Lineweaver-Burk and Dixon analyses were
conducted by the program ‘‘Michaelis-Menten protocol’’ using a
Molecular Device Spectra MAX GEMINI apparatus.Supplemental Data
Supplemental Data including Eight Figures may be found at http://
www.chembiol.com/cgi/content/full/13/6/569/DC1/.
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